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Abstract 
The Illinois State Geologic Survey is conducting several ongoing CO2 sequestration projects that require geochemical models to 
gain an understanding of the processes occurring in the subsurface. The ISGS has collected brine and freshwater samples 
associated with an enhanced oil recovery project in the Loudon oil field. Geochemical modeling allows us to understand 
reactions with carbonate and silicate minerals in the reservoir, and the effects they have had on brine composition. For the Illinois 
Basin Decatur project, geochemical models should allow predictions of the reactions that will take place before CO2 injection 
begins.
Keywords: Illinois Basin; Cypress Formation; Mt Simon Formation; Enhanced Oil Recovery; Brines; Geochemistry; Geochemical Modeling; 
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1. Introduction 
With increasing pressure to reduce CO2 emissions, one of the most readily available options to reduce 
atmospheric CO2 levels is geologic carbon sequestration. Fixed sources within the Illinois Basin produce over 276 
million tonnes of CO2, while 41,821 to 47,663 tonnes of sequestration capacity in deep saline and mature oil field 
reservoirs in the Illinois Basin are available [1]. This combination of readily available sources and a variety 
sequestration sites makes the Illinois Basin an ideal site to test geologic carbon sequestration technology. 
To explore the potential of geologic carbon sequestration in the Illinois Basin, the Illinois, Indiana, and Kentucky 
Geological Surveys along with a range of business associations, corporations and state agencies formed the Midwest 
Geological Sequestration Consortium (MGSC). Currently, the MGSC is working on what we consider Phase II and 
III goals, testing small-scale sequestration projects in mature oil fields and coal beds and a large-scale proof-of-
concept test in a deep saline reservoir.  
The purpose of this paper is threefold. Using geochemical models, we attempted to understand the changes in 
groundwater chemistry that occurred after injecting CO2 into a sandstone reservoir as part of an enhanced oil 
recovery (EOR) project. We also used geochemical models to better understand the limitations of shallow 
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groundwater monitoring in detecting geochemical changes due to potential leakage of CO2 into groundwater. The 
final aspect of this paper is a discussion of predictive models of expected reactions between CO2 and the Mt. Simon 
sandstone and its caprock where the ISGS plans to conduct a large-scale proof-of-concept test. 
2. Models and Methods 
Brine samples were collected from wells before CO2 injection began and after the shut in period ended at the 
EOR site. These samples were analyzed for dissolved oxygen, pH, Eh, electrical conductivity, alkalinity, and 
temperature in the field. Ammonia, alkalinity, and CO2 concentrations were determined in the lab. Anion 
concentrations were determined by ion chromatography. Cation concentrations were measured by inductively 
coupled argon spectroscopy. We derived mineral data from previously published sources [2], although we will 
obtain and test cores for some future work. 
With data collected from the EOR site, we applied kinetic and equilibrium models with React 7.0.4 [3] and 
PHREEQCi 2.13.2 [4]. For the Mt. Simon sandstone, we applied React and TOUGHREACT [5,6] The models run 
with React used a thermodynamic data file based on Wolery [7] and the surface reaction data set compiled by 
Dzombak and Morel [8]. 
3. Results and Discussion 
3.1. The Loudon Oil Field: Huff-n-Puff 
The first of the MGSC EOR projects took 
place in the Loudon oil field, which occupies 40 
square miles in south central Illinois. The field is 
located near an anticline and was first drilled in 
1938 with waterflooding beginning 13 years 
later. The field has produced 393 million barrels 
of oil to date [9]. The oil producing units are part 
of cyclical Mississippian and Devonian 
sandstone-limestone-shale packages with the 
shales being a possible source rock. The Cypress 
Sandstone, the target reservoir for the CO2, is 
typically over 100 ft thick and resulted from a 
prograding delta out into a shallow, slowly 
subsiding sea [10].  
Over the course of five days, 39 tonnes of 
CO2 were pumped into the Cypress and the well 
was then shut in for eight days. It was anticipated 
that the CO2 would both reduce the viscosity of 
the oil and cause the dissolution of some mineral phases to increase reservoir permeability. The combination of 
these two effects would make it easier for oil to flow through the unit and therefore increase oil recovery. The CO2
should remain immiscible given the temperature and pressure conditions measured in the unit. At this time, CO2 is 
still detected in the annulus zone of the Owens 1 injection well. After the well resumed pumping, it produced 93 
barrels of oil over the average production for the subsequent two months and peaked at 8 times normal production 
[11]. The ISGS monitored the brine and gas chemistry at the gas injection well, brine reinjection well, several 
nearby oil producing wells, as well as shallow monitoring wells not pictured (Fig. 1). 
3.1.1. Reservoir geochemical models 
The brine water quality results were input to PHREEQCi. The brine samples had an ionic strength of about 2.2 
moles/L, and appeared to be in equilibrium with CaCO3 as aragonite, SiO2 as chalcedony, and amorphous Al(OH)3.
The brine samples were undersaturated with respect to gypsum and halite while supersaturated with respect to 
quartz, K-feldspar, illite and kaolinite prior to CO2 injection. Demir and Seyler [2] found that 10 samples of Cypress 
Figure 1. An aerial view of part of the Loudon oil field. The CO2 was 
initially injected into the Owens 1 well. Produced brine is injected through 
the Coddington 2W well. 
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formation water collected in 
southern Illinois appeared to be 
in equilibrium with CaCO3 as
calcite, and possibly quartz and 
anorthite (Ca(Al2Si2O8)), and 
supersaturated with respect to 
illite, smectite, kaolinite, K-
feldspar, and albite.   
After carbon dioxide was 
injected, the pH of brine samples 
collected from Owens 1 
decreased while the pH of brine 
samples collected from the 
nearby production wells Owens 
4, Coddington 2W (data not 
shown) and Coddington 4 
remained relatively constant 
(Fig. 2). It appeared that the pH 
of the Owens 1 brine stabilized 
about 180 days after CO2 was 
injected, and remained relatively 
acidic. Dissolved CO2 in the 
brine samples collected from 
Owens 1 increased after 
injection, then decreased (Fig. 3), 
returning to background levels in 
about 500 days after injection. 
The concentration of CO2 in the 
brine samples collected from the 
production wells appeared to be 
relatively constant. Because the 
brine samples were degassing in 
the field at the time of sampling, 
the CO2 concentrations shown in 
Fig. 3 may underestimate the true 
amount of CO2 that were in the samples. Moreover, the pH of the brine samples collected at Owens 1 may have 
been more alkaline than the true pH at depth. 
The development of increasingly acidic conditions in Owens 1 system appears to have initially dissolved some 
calcite in the Cypress Formation as indicated by an increase in Ca2+ (Fig. 4) during the early post-injection period. 
This Ca2+, however, when added to that already in the brine, combined with an increase in HCO3- from the injected 
CO2, eventually resulted in supersaturation with respect to CaCO3 phases (Fig. 5). Beginning after about 100 days, it 
appeared that the brine-Cypress system re-equilibrated resulting in the precipitation of solid-phase CaCO3.
Neglecting the transient dissolution of calcite, the overall reaction may be written as 
CO2(g)   +   H2O   +   Ca2+   ĺ   CaCO3   +   2H+ (1)
As shown, reaction 1 creates acidity which could explain both the occurrence and persistence of the relatively 
acidic brine samples (Fig. 2). The decrease in Ca2+ concentrations may have also been the result of dilution due to 
reinjection of produced brine to maintain formation pressure. 
Some of the acidity in the Cypress-brine system may also have been neutralized by the dissolution of clay 
minerals and possibly aluminosilicates. The concentrations of silica in the brine samples from the Owens 1 well 
increased by a factor of 2.5 (Fig. 6), then decreased to steady state levels after about 200 days. The concentrations of 
silica in the production wells remained relatively constant and were less than 10 mg/L.  Similarly, the concentration 
Figure 2. pH of brine samples collected from the injection well (Owens 1) and two of the three 
production wells as a function of time before and after the injection of CO2.
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Figure 3. Total CO2 concentrations in brine samples collected from the injection well (Owens 1) 
and two of the three production wells as a function of time before and after the injection of CO2.
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of Al in the Owens 1 brine 
increased after CO2 injection (not 
shown), but there was 
considerable variation in the Al 
data. 
After CO2 injection, the brine 
samples from Owens 1 became 
supersaturated with respect to 
solid-phase SiO2. It appeared that 
the reaction equilibrium of the 
brine-Cypress system was 
changing by the precipitation of 
some type of silica phase.  The 
increase in production rate seen 
from the well data points to an 
increase in permeability and 
supports the dissolution of both 
carbonate and silicate minerals. 
The results produced by 
PHREEQCi did not indicate any 
specific clay mineral or 
aluminosilicate as the source(s) 
of Al or Si. Potential sources 
found in Cypress [2] include 
illite, illite-smectite mixtures, 
and others. Based on the 
available information, the 
following reaction is proposed: 
Clays   +   H+   ĺ   Al3+   +   
H4SiO4(   (2) 
H4SiO4( ĺ   SiO2   +   2H2O   (3) 
Like silica, the concentrations 
of iron and manganese increased 
after CO2 injection then 
decreased (not shown). It did not 
appear, however, that the concentration of either metal was controlled by the solubility of any solid phase.  
To further investigate the reactions occurring after injection, we created an initial simulation of the CO2
interacting with the brine, mineralogy, and reactive surfaces in the Cypress Formation using React and then allowed 
the program UCODE_2005 [12] to optimize the parameters until it achieved a satisfactory fit to the data. We 
considered several alternate configurations, but rejected them as unsatisfactory because the input parameters 
optimized to unrealistic values. 
The final simulation consists of the original brine with CO2 at elevated pressure and then allowed to precipitate 
minerals and mix with the fresh brine flowing towards the well. In the simulation, reactions on the surface of 
hematite controlled some of the constituents in the brine, such as manganese and sulfur. Some species sorb onto the 
surface as pH decreases (Fig. 7). The silicon and aluminum concentrations are controlled by the dissolution and 
precipitation of clay minerals and chlorite. There were other supersaturated minerals in the simulation that were not 
allowed to precipitate because we considered the kinetics of most of these reactions too slow to have a significant 
effect on the system. 
Figure 5. Saturation index (log ion activity product/equilibrium product) for CaCO3 as calcite for 
Owens 1 well samples and brine samples collected from one of the production wells.
Figure 4. Dissolved calcium concentrations in brine samples collected from the injection well 
(Owens 1) and two of the three production wells as a function of time before and after the 
injection of CO2.
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The results of the simulation 
show that the total amount of 
CO2 in the system must remain 
high in order to maintain the low 
pH, ~5.3, found in the samples. 
The continued presence of CO2
in the injection well annulus 
supports this interpretation. The 
mixing accounts for the gradual 
changes in concentrations back 
to the pre-injection values (Fig. 
8). Given enough time, the 
reservoir chemistry could return 
to the initial state especially 
because the CO2 plume has 
migrated away from the original 
injection point. The kinetic 
modeling gives us a firmer 
understanding of the time frames involved in these reactions and should allow us to extrapolate further changes as 
well as providing rates that we might be able to transfer to future models in other areas. 
3.1.2. Shallow geochemical models 
An important question to be addressed is what geochemical signal would the release of CO2 cause in shallow 
groundwater. To examine this we took the concentration values for the shallow groundwater from several wells at 
the EOR site and calculated an average groundwater composition and the standard deviation. We then calculated 
how much CO2 would need to be released before the pH or the calcium concentrations changed significantly, more 
than one standard deviation. Given a one acre area and considering the top 100 ft of the saturated zone, sediments 
with a porosity of 10% would have a total water volume of approximately 12 million liters. Using the software 
React, we incrementally added CO2 to the “average” shallow groundwater to develop Table 1. 
Figure 7. The calculated concentrations of various  elements on the 
Hematite surface in the model. 
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Figure 8.  The calculated concentrations of elements in the brine with the 
points representing obserbed values. 
Figure 6. Dissolved silica concentrations in brine samples collected from the injection well 
(Owens 1) and two of the three production wells as a function of time before and after the 
injection of CO2.
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Table 1. Amount of CO2 needed to alter shallow groundwater chemistry 
 CO2 needed to alter the chemistry (tonnes) 
parameter 1 standard deviation 2 standard deviations 
pH 0.24 1.1 
pH 0.74 3.57 with a calcite 
buffer Ca 11.1 29.6 
As the table shows, at least 0.24 tonnes of CO2 would have to mix with the shallow groundwater before there was 
a statistically significant impact on the pH. If a calcite buffer is available in the shallow groundwater, the amount of 
CO2 needed to alter pH or calcium concentration triples. Future study might show what other ions are sensitive to 
CO2 release. These results show that shallow groundwater monitoring may not detect a slow diffuse release of CO2.
However, it does mean that, barring a sudden and large release of CO2, shallow groundwater resources are not likely 
to be threatened. 
3.2. Illinois Basin: Decatur Project 
The Illinois Basin Decatur Project in central Illinois is a soon to be implemented plan to inject 1 million tonnes of 
CO2 over three years into a deep saline aquifer. The ISGS has partnered with Archers Daniel Midland Corporation 
to take a nearly pure stream of CO2 from the ADM ethanol plant and inject it into the Mt Simon sandstone as a 
supercritical fluid. Some shallow groundwater monitoring wells are already in place for collecting background data 
and the injection well is expected to be drilled in early 2009. 
The Mt Simon Formation is a sandstone deposited in the Cambrian possibly as an alluvial fan into a pull apart 
basin. We expect the composition of Mt Simon to have three distinct types of layers at this location: a quartz arenite, 
an arkosic sandstone, and fine grained interlayers [13]. The current plan calls for injecting the CO2 deep into the unit 
to allow the plume to spread and react with the brine before reaching the caprock (the Eau Claire Formation). 
3.2.1. Geochemical Modeling of Saline Aquifers 
We have begun the process of modeling the geochemical effects of CO2 sequestration in deep saline aquifers.  
These aquifers, like the Mt. Simon sandstone of the Illinois Basin, will be important sequestration targets in the 
future.  Prior to large-scale development of geologic sequestration, the geochemical effects of sequestration must be 
evaluated.  We will use React [3] and TOUGH2/TOUGHREACT [5,6] to investigate any potential geochemical 
effects.  Use of both codes will allow us to compare the simulation results and bolster our confidence in the 
modeling results.  First, we have begun evaluating the geologic sequestration in the Mt. Simon sandstone using 
geologic and geochemical data from a natural gas storage field.  This gas storage field is the most intensely studied 
portion of the Mt. Simon sandstone in Illinois [14].  Fisher [13] used React to simulate the geochemical effects of 
CO2 injection on the brine, sandstone, fine-grained layers within the sandstone, and the caprock. 
We will also reproduce these results with TOUGHREACT.  Preliminary results are encouraging.  We have found 
that both codes predict similar pH values when the Mt. Simon sandstone and its saline brine are exposed to CO2 at 
high pressure (119 bars): pH= 3.44 for React [13] and pH= 3.40 for TOUGHREACT.   
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The inclusion of kinetic terms [15] 
into the React simulation of Fisher 
[13] drastically changes the effects of 
CO2 on the mineralogy and chemistry 
of the Mt Simon for the interbeds and 
the caprock. In the kinetic model there 
was minor precipitation of dolomite 
and quartz and no muscovite 
precipitation (Fig. 9) as predicted by 
the equilibrium simulation. The results 
of the CO2 interaction with the Mt 
Simon did not change much between 
kinetic and equilibrium models 
because the mineralogy of the Mt 
Simon is relatively simple. 
After completing simulations of the 
gas storage field, we will turn our 
attention to another Illinois Basin site 
(Decatur project).  Finally, we will use 
TOUGH2/TOUGHREACT to model 
the basin-scale effects of multiple 
sequestration wells on fresh groundwater which can be found within the Mt. Simon sandstone at the basin’s 
periphery [16]. 
4. Summary 
The use of geochemical models is potentially important to every stage of carbon sequestration: from planning to 
implementation, and finally monitoring. The models we created for the Loudon oil field allow us to both understand 
and predict the future changes in reservoir chemistry as the system recovers from CO2 injection. The reaction 
models also give some understanding to the changes in the reservoir properties that resulted in the apparent increase 
in the reservoir permeability.  The monitoring of the shallow groundwater also benefits from estimates on how much 
CO2 is needed to produce a significant change in groundwater chemistry. Predictive models for the Illinois Basin 
Decatur project are needed to understand potential reactions in the subsurface and ensure basic needs, such as 
caprock integrity, will be maintained. These predictive models also provide an initial framework that can be 
modified once additional data are obtained. 
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